We begin this review with an introduction to pillar [n]arenes by showing the research history of macrocyclic compounds and the shape, chemical structure, host-guest properties, synthesis, and functionalization of pillar[n]arenes. We then present the modification of pillar[n]arenes on surfaces such as solid and porous surfaces for the creation of molecular-scale porous materials. We also highlight pillar[n]arene assemblies such as one-dimensional channels, twodimensional sheets, and three-dimensional vesicles, as well as the application of porous and soft-porous pillar[n]arene crystals for gas and organic vapor sorption materials. Finally, we discuss the advantages of using pillar [n]arenes for the synthesis of molecular-scale porous materials over other applications of pillar[n]arenes, as well as future perspectives in this exciting field.
INTRODUCTION
Macrocyclic host molecules such as cyclodextrins, 1,2 crown ethers, 3 calix[n]arenes, 4, 5 cucurbit[n]urils, 6, 7 and cyclobis(paraquat-p-phenylene), the latter of which is also known as Stoddart's ''blue box,'' 8 are important in supramolecular chemistry for making mechanically interlocked molecules and supramolecular assemblies because they are able to capture guest molecules in the cavity depending on the size and electron density of their cavities. [9] [10] [11] Almost all of these well-known macrocycles were discovered in the 20 th century. 11 Cyclodextrins are typically obtained from natural products and have been used in not only supramolecular chemistry but also materials science. Their structures were first reported by Schardinger in 1903. Crown ethers were the first synthetic macrocyclic compounds and were reported by Pedersen in 1967. 3 In the 1980s, phenolic macrocycles and calix[n]arenes were popularized by Gutsche. 5 Cucurbit[n]urils have been widely used since 2000 after the discovery of larger cucurbit[n]uril homologs by Kim and co-workers, 12 but the original X-ray crystal structure of one of the cucurbit[n]urils, i.e., cucurbit [6] uril, was reported by Mock and co-workers in 1981. 13 Stoddart's blue box was reported by Stoddart et al. in
1988. 8 However, again, the original structures of these well-known macrocyclic hosts had already been reported in the 20 th century. Against this historical background, in 2008 Ogoshi and co-workers reported pillar-shaped macrocycles named pillar[n]arenes. 14 Pillar[n]arenes have been used by many scientists, and pillar[n]arene chemistry has expanded quickly in various fields. In the 10 years since the discovery of pillar[n]arenes in 2008, numerous publications reporting the use of pillar[n]arenes have been published (>600 papers), most of them in the last 5 years, which indicates that pillar[n]arene chemistry is a very hot topic in supramolecular chemistry. [15] [16] [17] [18] [19] The reasons why pillar[n]arenes engage a chemist's interest are as follows.
Shape
The chemical structure of pillar [n] arenes is very similar to that of calix[n]arenes ( Figure 1A ). The important difference between calix[n]arenes and pillar [n] arenes is the position of the methylene bridges connecting the units. In the case of
The Bigger Picture
Molecular-scale porous materials have been the subject of intensive studies in recent years because they can be used for the separation and storage of molecules. Macrocyclic compounds are promising candidates for creating nextgeneration molecular-scale porous materials because they have intrinsic cavities at the molecular scale. In particular, pillar[n]arenes, which were first reported in 2008, are useful building blocks for molecularscale porous materials as a result of their pillar-shaped polygonal structures and versatile functionality. This review summarizes the recent progress of pillar [n] arene-based porous materials in the assembly of pillar [n]arenes on inorganic surfaces, one-dimensional channels, twodimensional porous sheets, and three-dimensional spheres on the basis of their polygonal structures and the crystals of pillar[n]arenes. pillar [n] arenes, the phenolic units are linked through methylene bridges in the para position, whereas the phenolic units in calix [n] arenes are connected through methylene bridges in the meta position. The difference in the position of the methylene bridges contributes to the difference in shape between calix[n]arenes and pillar [n] arenes ( Figure 1B) . Because of the meta-bridge linkages, calix [n] arenes have an asymmetrical calix-shaped structure. In contrast, the para-bridge linkages make pillar[n]arenes a highly symmetrical pillar-shaped structure.
Host-Guest Chemistry Pillar[n]arenes have a p-electron-rich cavity ( Figure 2) ; 20, 21 therefore, they prefer to bind to cationic molecules. The cavity size of pillar [5] arenes is ca. 4.7 Å , which is similar to that of a-cyclodextrin and cucurbit [5] uril. As with a-cyclodextrin and cucurbit [5] uril, pillar [5] arenes form host-guest complexes with linear-shaped alkane molecules carrying cationic moieties. Interestingly, pillar [5] arenes also form stable host-guest complexes with linear alkanes with electron-withdrawing groups at both ends in organic solvents (K > 10 4 M À1 in chloroform). Linear butylenes with cyano, halogens, and triazole moieties at both ends are good guest molecules because of the formation of multiple CH/p interactions between C-H moieties and the p-electron-rich pillar [5] arene cavity. The cavity size of pillar [6] arenes is larger (ca. 6.7 Å ) than that of pillar [5] arenes, whose cavity size is similar to that of b-cyclodextrin and cucurbit [6] uril. As with b-cyclodextrin and cucurbit [6] uril, pillar [6] arenes form host-guest complexes with cationic compounds containing bulky hydrocarbons. Cationic ferrocenium ions and bulky tropylium cations are also good guests for pillar [6] arenes.
Easy Synthesis
The other advantage of pillar[n]arene chemistry is the easy synthesis of pillar[n]arenes. When 1,2-dichloroethane is used as a solvent, pillar [5] arenes are selectively obtained in high yield (71%; Figure 3A ).
1,2-Dichloroethane has a linear shape and electron-withdrawing chlorine groups at both ends; thus, it is a good guest molecule for pillar [5] arenes and works as a template solvent to form pillar [5] arenes. The template effect is clarified when chloroform is used as a solvent. A mixture of pillar[n]arene homologs and linear oligomers is obtained when chloroform is used as a solvent ( Figure 3C ). Chloroform has three chlorine groups and is a branch-shaped molecule. Therefore, chloroform does not work as a template for particular pillar[n]arene homologs. On the basis of these results, Ogoshi and co-workers reported the high-yield synthesis of pillar [6] arenes by using a bulky template solvent. When chlorocyclohexane was used as a solvent, pillar [6] arene was selectively obtained in high yield (87%; Figure 3B ) because the size of chlorocyclohexane fits in the cavity size of pillar [6] arenes.
Versatile Functionalization
The versatile functionalization of pillar [n] arenes is also one of the important advantages over other host molecules. 22, 23 One useful approach to functionalizing pillar [n] arenes is the cyclization of 1,4-dialkoxybenzene monomers containing different functional groups. Reactive pillar [5] arenes with ten ethynyl and ten bromide groups and pillar [6] arene with 12 bromide groups could be accessed by the cyclization of 1,4-dialkoxybenzene monomers containing these corresponding functional groups. Mono-and difunctionalized pillar[n]arenes can be synthesized by the co-cyclization of two different 1,4-dialkoxybenzene monomers (Scheme 1A). Another useful way of functionalizing pillar [n] arenes is the post-synthetic functionalization of pre-formed pillar[n]arenes (Scheme 1B). Pillar[n]arenes with phenolic groups can be accessed by the deprotection of alkoxy groups. Oxidation followed by the reduction of 1,4-dialkoxybenzene units is a facile way to selectively synthesize multi-functionalized pillar[n]arenes.
Recently, molecular-scale porous materials based on pillar[n]arenes have been developed rapidly because pillar[n]arenes have intrinsic pores as a result of their highly symmetric cavities. The versatile functionalizations discussed above are also key selling points; these features are very useful for making molecular-scale porous materials with functions of pillar[n]arenes. In this review, we discuss the recent progress of pillar[n]arene-based porous materials in the assembly of pillar[n]arenes on surfaces, one-dimensional (1D) channels, two-dimensional (2D) porous sheets, and Figure 2 . Host-Guest Property Calculated electron-potential profile of pillar [5] arene (density functional theory calculations, B3LYP/6-31G(d,p)), cavity size of pillar [5] arene and pillar [6] arene, and good guests for pillar [5] arenes and pillar [6] arenes.
three-dimensional (3D) spheres on the basis of their polygonal structures and crystals of pillar[n]arenes.
SURFACE MODIFICATION OF PILLAR[N]ARENES FOR CREATING MOLECULAR-SCALE POROUS MATERIALS Solid Nanosurfaces
The immobilization of synthetic macrocycle-based supramolecular assemblies onto the surface of nanomaterials has proved to be an efficient method for the construction of self-assembled and well-ordered nanomaterials, which represents a significant advance in stimuli-responsive and multifunctional materials and devices. [24] [25] [26] With the developments of pillar[n]arene synthesis and the construction of pillar[n]arene supramolecular systems with unique functions, an increased interest has also been accorded to the fabrication of pillar[n]arene-hybridized nanomaterials.
Among various nanomaterials, gold nanoparticles (Au NPs) play an important role in modern nanotechnology because of their unique properties and importance in electronics, sensors, biomedicine, photonics, and surface-enhanced Raman scattering (SERS) spectroscopy. 27, 28 However, the activity of small Au NPs is always decreased because they easily aggregate as a result of the high surface energy and large surface area. 29, 30 Thus, tremendous research efforts have been devoted toward the controlled preparation of Au NPs. Because stabilizers are an essential precondition, various stabilizing ligands possessing amine (-NH 2 ), carboxyl -COOH), or sulfhydryl -SH) groups have been used for the syntheses of Au NPs. In 2012, Huang and co-workers used pillar [5] arene with ten imidazolium groups (1 [5] ) as the stabilizing ligand to prepare Au NPs smaller than 6 nm in diameter, which exhibited superior activity as a catalyst for the borohydride reduction reaction ( Figure 4A ). 29 Yang and co-workers reported the in situ fabrication of Au NPs, stabilized by pillar [5] arene with ten carboxylate anions 2 [5] . The synthesis of (A) pillar [5] arenes and (B) pillar [6] arenes with template solvents (under thermodynamic control) and (C) the mixture of linear oligomers and pillar [5] [6] [7] [8] [9] [10] arene homologs without a template (under kinetic control).
caused by the effects of viologens, which suggests that the supramolecular hybrid materials can be used as an optical probe for the detection of herbicides ( Figure 4B ). In 2014, Park and co-workers reported a facile synthetic method for 2 [5] -modified Au NPs through a one-pot hydrothermal process, whereby 2 [5] was the reductant and stabilizer for the direct reduction of HAuCl 4 without any other additives ( Figure 4C ). 31 Multi-hybridized nanomaterials, especially those combining metal nanoparticles, supramolecular macrocycles, and other functional inorganic scaffolds, can result in extensive synergistic effects. Yang and co-workers first constructed a unique type of drug-delivery system by anchoring 2 [5] -modified Au NPs via supramolecular host-guest interactions onto the surface of mesoporous silica nanoparticles (MSNs) as gatekeepers to block the cargoes in the mesopores from leaking out.
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This drug-delivery system possesses good stimuli responsiveness to competitive binding agents and temperature variation ( Figure 4D ).
One of the most significant properties of pillar[n]arenes and derivatives is their host-guest interactions. Thus, the self-assembly of nanoparticles directed by pillar[n]arene-based host-guest interactions has also been studied.
In 2014, Huang and co-workers prepared various hybrid nanostructures of selfassembled Au NPs stabilized by per-carboxylated pillar [6] arene (1 [6] ), including micelles, onion-like disks, and vesicles. The authors simply controlled this process by changing the amount of paraquat derivative, and the guest molecule formed the inclusion complex with 1 [6] A to form the supramolecular assembly ( Figure 4E ). 30 Furthermore, hybrid vesicles were prepared from 1 [6] -stabilized Au NPs and a paraquat derivative, which were further used for loading small molecules as nanocontainers and releasing the cargo upon decreased pH or near-infrared irradiation. Zhou and co-workers also reported the self-assembly of various nanomorphologies from the bola-amphiphilic pillar [5] arene (3[5] ) at different concentrations ( Figure 4F ). 33 The resulting hybrid microtubules constructed from the 3[5]-based self-assembly and reducing AuCl 4 À on the surface can be used as a microreactor to catalyze the reduction reaction of nitro aromatic compounds.
Ammonium pillar [5] arene (4[5] ) with ten quaternary ammonium groups was also used as the stabilizer for the preparation of Au NPs. 36 Zhou and co-workers constructed the photoactivated reversible assembly of Au NPs modified by pillar [5] arene with one thiol substituent 5 [5] by introducing a guest molecule with a dynamic covalent bond, i.e., reversible photocycloaddition of anthracene, and a guest part of the quaternary ammonium group ( Figure 4G ). 34 The assembly and disassembly processes of the Au NPs were realized by reversible host-guest interactions and photodimerization of terminated anthracene group through activation by temperature or photoirradiation.
Pillar
[n]arene-based host-guest chemistry has also proved to be an efficient way to incorporate nanoparticles into the functional polymeric materials. Thermoresponsive polymers containing pillar [5] arenes were synthesized via RAFT (reversible additionfragmentation chain transfer) ( Figure 4H ). 35 The authors used the polymers to synthesize hybrid Au NPs by combining the thermoresponsive properties of the polymers and host-guest properties of pillar [5] arenes, which could be applied as a recyclable catalyst. Meanwhile, the hybrid Au NPs exhibited a lower cloud point after the addition of n-octylpyrazinium hexafluorophosphate, suggesting the application in the separation of guest molecules.
Silver nanoparticles (Ag NPs) are one of the most important classes of metal nanoparticles and have attracting tremendous attention because of their optical, stable, and biocompatible properties. Xue and co-workers reported the 2[5]-stabilized Ag NPs ( Figure 5C ). 37 Because 2 [5] on the surface of Ag NPs exhibits efficient binding affinity toward spermine and its analogs and because the transition of Ag NPs from dispersed to aggregated states shows obvious color changes, the authors applied the 2[5]-modified Ag NPs to visually detect the spermine analogs by inducing the assembly of nanoparticles through host-guest interactions. They also synthesized 2[5]-stabilized Ag NPs, which were assembled through host-guest interactions mediated by a guest with two quaternary ammonium groups, which exhibited a visible change in color. 38 The disassembly of the Ag NPs was achieved upon the addition of 1 [6] , which possesses a higher binding constant with the guest molecules.
Other metal and semiconductor nanoparticles were also studied through integration with pillar[n]arene-based supramolecular materials for improving their properties and expanding the fields of applications. For instance, Yang and co-workers were the first to prepare 1 [5] -functionalized CdTe quantum dots (QDs) in 2013. 39 The aggregation of the 1[5]-stabilized QDs was achieved by the addition of the viologen guest linkers; the QDs exhibited special photochemical properties ( Figure 5A ). The authors constructed a macroscopic responsive QD sensor for lysine by integrating water-soluble pillar [5] arene-based supramolecular chemistry into the liquid QD system ( Figure 5B ). 40 The water-soluble pillar [5] arene (6[5] ), synthesized through a ''thiol-ene'' click reaction, was modified onto the surface of QDs functionalized with PEG1810 through host-guest interactions. Considering that 6[5] possesses a stronger association constant with lysine than with PEG1810, lysine could act as the competitive binding agents to complex with 6 [5] , resulting in its release from PEG1810 followed by fluorescence quenching. Magnetic (Fe 3 O 4 ) nanoparticles have aroused great research interest because of their magnetic effect. Yang and co-workers first designed hybrid materials based on the 2[5]-functionalized Fe 3 O 4 nanoparticles. They prepared hybrid materials as a magnetic solid-phase extraction adsorbent for determining and sensing trace pesticide residues in beverage samples ( Figure 5D ). 41 Zhou and co-workers synthesized the amphiphilic pillar [5] arene (7[5]) with oligomeric glycol and alkyl chains on different rims, which was fabricated into stable bilayer vesicles in aqueous solution ( Figure 5E ). 42 They incorporated magnetic nanoparticles into the 7[5]-based bilayer vesicles to prepare the hybrid magnetic-responsive supramolecular vesicles with stimuli responsiveness as controlled drug-release systems.
Porous Nanosurfaces Some typical porous materials, including molecular sieves, zeolite, MSNs, metalorganic frameworks (MOFs), and covalent-organic frameworks, have been widely used in the fields of gas absorption and storage and biological applications. 43, 44 One emerging type of powerful hybrid material based on porous materials is the mechanized MSNs and MOFs as stimuli-responsive nanocontainers that combine the stimuli-responsive supramolecular switches or molecular machines at the gates as the controllable nanovalves and the MSNs and MOFs as the reservoirs. Pillar[n]arenes have also exhibited great advantages in the fabrication of nanovalves, one important application of supramolecular switches and molecular machines on the surfaces of MSNs and MOFs. 45 Yang and co-workers first reported the pillar [5] arene-based mechanized MSNs for on-command cargo release activated by adjusting the pH and competitive binding ( Figure 6A ). 46 Du and co-workers constructed supramolecular nanovalves by combining phosphonated pillar [5] arene 8 [5] and MSNs modified with cationic choline or pyridinium moieties ( Figure 6B ). 47 Drugs can be encapsulated into the MSN pores when 8 [5] is encircling the cation stalks because of the high binding affinity of 8 [5] for these cationic moieties. Figure 6C ). 48 Fu and co-workers reported the triple-stimuli-responsive mechanized MSNs functionalized with a 2[5]-based bistable [2] pseudorotaxane ( Figure 6D ). 49 MTT assays indicate the low cytotoxicity of the nanocontainers, suggesting that they can be used as controlled drug-delivery vehicles.
MOFs are also one very promising class of scaffold for the fabrication of mechanized nanocontainers. In 2015, Yang and co-workers reported the first stimuli-responsive theranostic platform fabricated from monodisperse monoMOFs (UMCM-1 herein) equipped with 2[5] supramolecular switches as nanovalves ( Figure 7A ). 43 After the pH was lowered or viologen was added as a competitive binding agent, 2 [5] rings blocking the mesopores dethreaded from the encircled stalks and led to the continuous release of the loaded cargoes. This method of using more advanced nanocontainers paves the way for the preparation of novel targeted drug-delivery systems for extensive therapeutics. Because of the low toxicity of zirconium compounds, the (B) Supramolecular nanovalves through combining 8 [5] and MSNs modified with choline or pyridinium moieties. Reprinted with permission from Huang et al. 47 Copyright 2017 American Chemical Society.
same group prepared Zn 2+ and auxiliary thermal dual-stimuli-responsive drug-delivery system from more biocompatible zirconium MOFs with 2[5]-based supramolecular switches as gating entities ( Figure 7B ). 44 The same group also synthesized a triple-responsive drug-delivery nanovalve by using Zr-MOFs capped with 2[5]-based supramolecular [2] pseudorotaxanes ( Figure 7C ). 50 The on-command drug release could be achieved by external Ca 2+ , pH, and thermal activation, which provided the possibility of achieving bone regeneration and cancer therapy because of the increase in Ca 2+ concentration from osteolysis, which resulted from the lower pH in bone tumor cells. These results show that the system has the potential to develop novel cancer treatment techniques.
Substrate Surfaces
Researchers have also devoted much effort to the synthesis of anchor molecules and supramolecular switches on the surfaces of inorganic substrates, which will not only introduce functionalities of the molecular switches but also improve and optimize the chemical and physical properties of the materials as substrates.
24,25 because of host-guest interactions ( Figure 8B) . 52 This study suggests that the adhesion of herbicide on leaf surfaces can be controlled, and thus the utilization efficiency of herbicides can be improved.
Li and co-workers prepared the reversible protein adsorption switch by adjusting the interfacial properties of a silicon substrate. The switch exhibited fascinating absorbance properties for bovine serum albumin ( Figure 8C ). 53 The authors achieved the switch performance of the material by controlling the host-guest interactions between pillar [5] arene bearing ten butyl groups (11 [5] ) and adipic acid on the surface, which was regulated by the pH of the solution.
The same group has reported a series of pillar[n]arene-modified nanochannels, e.g., a biomimetic gate for mercury poisoning ( Figure 9A ). 54 Anionic water-soluble pillar [5] arene 6 [5] had stronger affinity for Hg 2+ than other ions. Thus, the gate modulated by anionic water-soluble pillar [5] arene (6[5] ) immobilized onto a nanochannel exhibited high effectiveness in distinguishing Hg 2+ from other metal ions ( Figure 9A, b) , whereas the naked nanochannel did not ( Figure 9A, a) . An artificial nanochannel was also constructed by 2 [5]-based host-guest interactions. Ionic liquid groups are good guest molecules for 2 [5] , and thus 2 [5] was immobilized thorough host-guest interaction ( Figure 9B ). 55 The inner surface charge and wettability were changed by the host-guest complexation (Figure 9D) , resulting in the switching of ion transport from cations to anions ( Figure 9C ).
Li and co-workers designed and synthesized anthracene-functionalized pillar [5] arene 12 [5] by constructing a temperature-responsive switch at the interface of a Au surface modified with an imidazolium-based ionic liquid through host-guest interactions ( Figure 10 ). 56 The hydrophobicity and hydrophilicity of the interface was controlled and regulated by temperature on the basis of the thermoresponsive host-guest interactions and release of anthracene-functionalized pillar [5] arene. A thermomodulated switch at the interface has good potential for applications in sensing, drug delivery, and memory storage.
ASSEMBLY OF PILLAR[N]ARENES FOR CREATING MOLECULAR-SCALE POROUS MATERIALS
One-Dimensional Channels Pillar[n]arenes have a tubular-shaped structure from the side view and regular polygons from the top view. Therefore, they are useful building blocks for making assembled materials with controlled structures. Hou and co-workers constructed 1D channels by using pillar[n]arene scaffolds. They envisioned that pre-organized tubular conformation of pillar[n]arenes would facilitate the formation of 1D channel structures. In the single-crystal structure of pillar [5] arene with ten ester groups 13 [5] grown in chloroform, the assembly of 13 [5] afforded 1D channels with a pore size resulting from the cavity size of the pillar [5] arene ( Figure 11A ). In the 1D channel, water molecules included into the cavity formed intermolecular hydrogen bonds between adjacent water molecules. 57 Because the 1D channels constructed from assemblies of 13 [5] worked as proton transport media, the authors incorporated 13 [5] into a planar lipid bilayer (Figure 11B) . 13 [5] formed 1D channels in the lipid bilayer and worked as a proton conductive pathway. However, the length of 13[5] was 1.6 nm, which is shorter than that of the hydrophobic part of the lipid bilayer (ca. 3.7 nm). Therefore, stacking of two pillar [5] arene molecules was necessary to work as proton transportation channels (on-state). No proton transportation occurred in the case of no stacking of two pillar [5] arene molecules (off-state). The proportion of on-state was relatively low (18%) when the single pillar [5] arene molecule 13 [5] was used for the formation of the proton transportation channels. Therefore, the authors used a pillar [5] arene dimer connecting with a suitable-length linker to bridge the height of the lipid bilayer ( Figure 11C ). Because of the matching between the length of a pillar [5] arene dimer and the thickness of the lipid bilayer, the proportion of on-state for the lipid bilayer formed with the pillar [5] arene dimer with the best linker length (14 [5] ) was 64%, which was quite high and ca. 4-fold higher than that of the single pillar [5] arene 13 [5] .
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The same group synthesized hydrazide-appended pillar [5] arenes 15 [5] and 16 [5] ( Figure 11D ) by modifying the rims of pillar [5] arenes with hydrazine to produce stable pentagonal cylinders through intramolecular hydrogen bonding. The X-ray single-crystal structure of pillar [5] arene with one hydrazine unit 15 [5] showed that the ten hydrazide moieties formed eight intramolecular hydrogen bonds in a head-to-tail manner. The eight intramolecular hydrogen bonds produced a rigid tubular cavity. They used these hydrazide-appended pillar [5] arenes for Figure 11 . 1D Channel Applications for Biochemistry (A-C) Chemical and assembled X-ray crystal structures of decaester 13 [5] (A), indicating that water molecules were induced to form linear water wires in organic nanotubes. Artificial transmembrane channels using (B) 13 [5] and (C) decaester dimer 14 [5] . Reproduced with permission from Si et al. single-molecular artificial transmembrane water channels. The addition of the pillar [5] arene with two hydrazine units 16 [5] into unilamellar vesicles induced swelling, fusion, and reformation of large vesicles ( Figure 11E ). The length of pillar [5] arene 16 [5] was 5.1 nm, which fit the thickness of the lipid bilayer (5.0 nm). Therefore, 16 [5] worked as a water transportation pathway to induce the vesicle changes. Conversely, the pillar [5] arene with one hydrazine unit 15 [5] did not induce such dramatic changes to the vesicle structure. The length of pillar [5] arene is 3.5 nm, which is shorter than the thickness of the lipid bilayer; thus, it cannot work as a water transportation channels. 59 The same group successfully constructed chiral selective single-molecule artificial transmembrane channels by introducing chiral peptide moieties on the rims of both pillar [5] arenes and pillar [6] arenes ( Figure 11F ). As with the pillar [5] arenes with hydrazine moieties, the peptide chains formed intramolecular hydrogen bonding and contributed to form a tubular structure. These molecules worked as transportation channels for amino acids by incorporation of these molecules into liquid vesicles. In several cases, the transportation was enantioselective: the transport of the D isomer was faster than that of the L isomer, and this difference increased with increasing amino acid size. 60 Positively charged Arg units show voltage-responsive movement into cell membranes. Therefore, voltage-gated K + ion channels can be constructed by the incorporation of voltage-responsive cationic Arg units on both rims of pillar [5] arene ( Figure 11G ). After the application of a negative potential, pillar [5] arene with cationic Arg units formed strong interactions with the lipid, resulting in the insertion of the pillar [5] arene into the lipid bilayer, which worked as a pathway for the transport of K + ions. Imposing a positive potential caused the pillar [5] arenes to move from the lipid bilayer to the outside; therefore, pillar [5] arenes did not work as transportation mediators. 61 Ogoshi and co-workers first reported 1D channels on an inorganic surface fabricated from cationic pillar [5] arene 17 [5] and anionic pillar [5] arene 2 [5] through layer-bylayer assembly (Figure 12 ). The film created from pillar [5] arenes exhibited selective absorption for para-dinitrobenzene (p-DNB) because of the surface electrostatic potential; neither ortho-nor meta-dinitrobenzene was absorbed. Only the surface with a positive charge showed adsorption properties, whereas the film with a negative surface did not. Furthermore, the absorption properties resulting from the host-guest interactions could be enhanced by an increased number of layers. Thus, the layer-by-layer assembly method is a promising strategy for the controlled fabrication of thin films with porous structures through supramolecular approaches, indicating their potential application for selective storage and separation.
Two-Dimensional Porous Sheets
The assembly of hexagonal molecules is a good way to obtain highly dense hexagonal packed structures, which is known as molecular tiling. Ogoshi and co-workers envisioned that the assembly of regular hexagonal pillar [6] arenes would afford the formation of 2D porous sheets ( Figure 13A ). They used pillar [6] arene containing six hydroquinone units 2 [6] . By the addition of an oxidant, a part of the hydroquinone in pillar [6] arene was converted to benzoquinone. The generated benzoquinone then formed strong intermolecular charge-transfer complexes with a hydroquinone unit in another pillar [6] arene. Thanks to the consecutive formation of the intermolecular charge-transfer complexes, 2D supramolecular polymerization took place to form 2D porous sheets with hexagonal packing structures, whereas amorphous assemblies were obtained with pentagonal pillar [5] arene 9 [5] .
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The 2D porous sheets were obtained as a bulk material with the chemical oxidant. In the electrochemical oxidation of 2 [6] on an electrode surface, hexagonal cylindrical structures grew from the nuclei on the electrode surface because the rate of the 2D sheet assembly was rapid ( Figure 13B ).
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Three-Dimensional Vesicles Ogoshi and co-workers successfully constructed 2D porous sheets by assembling hexagonal molecules pillar [6] arenes. They also demonstrated the assembly of 3D vesicle assemblies, which mimic the spherical architecture of fullerene (C 60 ). C 60 consists of 12 five-and 20 six-membered rings. They envisioned that the co-assembly of pentagonal pillar [5] arenes and hexagonal pillar [6] arenes in a 12:20 molar feed ratio would afford a 3D vesicle assembly ( Figure 13C ). Pillar [5] quinone 18 [5] consisting of five benzoquinone units was used for incorporating pillar [5] arene molecules into a 2D sheet constructed from pillar [6] arenes 2 [6] because hydroquinone selectively formed a stable charge-transfer complex with benzoquinone. Co-assembly of 18 [5] and 2 [6] in a molar feed ratio of 12:20 afforded 3D spheres with a smooth surface. 65 The other concept that facilitates the formation of a 3D vesicle structure is the assembly of amphiphilic pillar[n]arenes, which was demonstrated by Huang and coworkers ( Figure 13D ). They synthesized amphiphilic pillar [5] arene containing five amino groups as a hydrophilic head on one side of the rim and five alkyl groups as the hydrophobic tails on the other side 19 [5] . The amphiphilic pillar [5] arene formed vesicular assemblies with a narrow side distribution. The vesicular assembly transformed into multi-walled microtubes with increasing incubation time.
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BULK MOLECULAR-SCALE POROUS MATERIALS BASED ON PILLAR[N]ARENES
Porous Crystals Stoddart and co-workers synthesized the first MOF containing pillar [5] arenes from pillar [5] arene struts and zinc(II) cations ( Figure 14A ). The MOF crystals could take up a significantly larger amount of electron-poor guest molecules, such as pyridinium cations, viologen, and p-DNB, whereas crystals of MOF containing no pillar [5] arene could not ( Figure 14B ), indicating that the active domain of the pillar [5] arene ring in the MOF worked as a recognition site for these electronpoor guests.
67,68 Crystals of per-hydroxylated pillar [5, 6] arenes (9[5] and 2 [6] ) exhibited exciting gas and organic vapor sorption behaviors, as discovered by us. [69] [70] [71] To create pores in the crystals, we carried out an activation process-drying the solvents in the crystals by heating the crystals under reduced pressure. Even after the activation process, the crystal structures were retained because of intra-and intermolecular hydrogen bonds between the phenolic moieties. In the case of pillar [5] arene 9 [5] , there were three voids from the macrocyclic cavity and spaces between the pillar [5] arenes ( Figure 14C ). Activated crystals of 9 [5] selectively adsorbed CO 2 (375:1 and 339:1 over methane and nitrogen, respectively, under standard temperature and pressure), 69 and both crystals of 9[5] and 2[6] displayed remarkably high C 2 H 2 , C 2 H 4 , and CH 4 storage. 70 Activated crystals of 2[6] also exhibited uptake of gases (nitrogen, n-butane, and CO 2 ) and organic vapors (n-hexane and cyclohexane). 71 Yang and co-workers produced mixed-matrix membrane materials by mixing 9 [5] with the commercial polymer Matrimid. The mixed-matrix membrane showed very high selectivity (CO 2 /CH 4 : 180; N 2 /CH 4 : 6.5; H 2 /CH 4 : 600) for methane purification. 72 
Soft Porous Crystals
The MOF containing active pillar [5] arene domains 67, 68 and crystals of per-hydroxylated pillar [5, 6] arenes [69] [70] [71] [72] retained their structures even after the activation process because their structures were constructed through multiple strong physical interactions, such as metal ion-ligand coordination and hydrogen bonding. In contrast, when pillar[n]arenes containing nonpolar groups such as alkyl chains were used as sorption materials, their assembled structures drastically changed after the drying of solvents and uptake of guest vapor because their assembled structures were stabilized by very weak physical interactions, such as van der Waals and CH/p interactions. On the basis of the softness of the pillar [5] arene crystals, Ogoshi and co-workers discovered unusual alkane vapor sorption properties by using activated crystals of pillar [5] arene 20 [5] containing ten ethyl groups ( Figure 15A ). By being exposed to linear alkane vapors such as n-heptane, n-hexane, n-heptane, and n-octane, the activated crystals 20 [5] quickly took up these linear alkane vapors.
73 Figure 14 . Porous Crystals (A) Model of MOF containing pillar [5] arenes (pillar [5] arene macrocycles are red, terphenylene moieties are black, and zinc SBUs are yellow). Reprinted with permission from Strutt et al. 67 Copyright 2012 American Chemical Society.
(B) (Top) Optical microscopy images of the MOF crystals containing pillar [5] arenes (a) with no guest (scale bar, 200 mm), (b) after uptake of viologen (scale bar, 100 mm), and (c) after uptake of p-DNB (scale bar, 100 mm). (Bottom) Electron-poor compounds used in guest uptake studies: pyridinium salt, viologen, and p-DNB. Reprinted with permission from Strutt et al. 67 Copyright 2012 American Chemical Society.
(C) Schematic representation of activate crystals of pillar [5] arene 9 [5] and its desired mixed-gas sorption processes. In the actual experiments, sorption measurements for each gas, i.e., CO 2 , N 2 , and CH 4 , were run independently. Process a: the crystals were assembled from pillar [5] arene. Process b: CO 2 could be released by heating or reducing pressure; crystals of pillar [5] arene could then be reused for gas-selective sorption. Reproduced with permission from Tan et al. 69 Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
In contrast, when the vapors of branched alkanes such as 2,2 0 -dimethylbutane and 2,3-dimethylbutane and the cyclic alkane cyclohexane were used, no uptake of these alkane vapors was observed. This selectivity correlates with the host-guest properties of pillar [5] arenes in solution: the cavity size of pillar [5] arenes (4.7 Å ) accommodates linear alkanes but is too small to form complexes with branched and cyclic alkanes. This alkane vapor uptake was investigated in detail ( Figure 15B ). In the absorption process, the linear alkane vapor uptake was observed with a gate-opening pressure, which was followed by stepwise isotherms. As the chain length of the n-alkanes increased, the gate pressure decreased. In the desorption process, no release of n-alkane vapor guests was observed even under reduced pressure, indicating that the pillar [5] arene crystals have high storage ability toward vapors of linear alkane. To understand the unique sorption behavior of the pillar [5] arene crystals, Ogoshi et al. 73 obtained single crystals of the per-ethylated pillar [5] arene under n-hexane vapor ( Figure 15A ). In the crystal structure, one n-hexane guest was included in the cavity of pillar [5] arene. The 1:1 host-guest complexes assembled into herringbone structures. The powder X-ray diffraction pattern of the activated pillar [5] arene crystals was completely different from that of the 1:1 complex crystals; therefore, the crystal transformation to a herringbone structure corresponded to the (B) Sorption isotherms of activated crystals toward gases and vapors of (left) linear alkanes containing methane (C1, pink triangle), ethane (C2, orange diamonds), n-butane (C4, purple squares), n-pentane (C5, black diamonds), n-hexane (C6, red circles), n-heptane (C7, blue triangles), and n-octane (C8, brown diamonds) and (right) branched alkanes containing 2,2-dimethylbutane (2,2, green circles), 2,3-dimethylbutane (2,3, black circles), and cyclohexane (CyC6, yellow circles) at 25 C. Solid symbols, adsorption; open symbols, desorption. Reproduced with permission from Ogoshi et al. 73 Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.
(C-E) Chemical structure of pillar [5] arene containing one benzoquinone unit 21 [5] (C) and crystal structures of 21 [5] prepared from (D) methanol and (E) n-hexane. Reprinted with permission from Ogoshi et al. 74 Copyright 2017 American Chemical Society.
gate-opening behavior in the adsorption process. In the host-guest complex crystals, the distance between the eight hydrogen atoms including n-hexane and the p-plane of the benzene rings of pillar [5] arene was within 3.05 Å , which implied multiple CH/p interactions between pillar [5] arene and n-hexane. The multiple CH/p interactions would contribute to the high storage ability of n-hexane vapor in the desorption process.
The shape-selective alkane vapor uptake behavior is a unique property of activated pillar [5] arene crystals, but unfortunately the uptake of these linear alkane vapor uptake could not be monitored by the color change of the crystals because the activated pillar [5] arene crystals were colorless solids, and their color did not change even after the uptake of the linear alkane vapor. Thus, one benzoquinone moiety was introduced into pillar [5] arene (21 [5] ) ( Figure 15C ) because the activated crystals of pillar [5] arene with one benzoquinone moiety have a brown color as a result of the formation of a charge-transfer complex between the 1,4-diethoxybenzene and benzoquinone units. Interestingly, a color change from brown to red occurred when the activated crystals with a brown color were exposed to the linear alkane vapor ( Figure 15E ) because the uptake of the linear alkane vapor into the crystals induced crystal transformation. In contrast, no color change was induced when the brown color crystals were exposed to branched and cyclic alkane vapor. Branched and cyclic alkanes are too large to form complexes with pillar [5] arenes, so no uptake of these branched and cyclic alkane vapors took place. Therefore, the shape of the alkane vapor was reported by the color change of the crystals. Furthermore, when the activated crystals with brown color were exposed to methanol vapor, the brown color of the crystals changed to black (Figure 15D) . Thus, the brown activated crystals showed a dual color change depending on the kinds of organic vapors. This multicolor change resulted from the different intermolecular p-stacking interactions between the benzoquinone and 1,4-diethoxybenzene units in the alkane-and methanol-containing crystals. In the X-ray crystal structure of a 1:1 host-guest complex between n-hexane and pillar [5] arene, partial p-stacking between adjacent benzoquinone and 1,4-diethoxybenzene units was observed. In contrast, in the X-ray structure of the host-guest complex between methanol and pillar [5] arene, no p-stacking was observed between the benzoquinone and 1,4-diethoxybenzene units. This structural difference is one of the main reasons for the vapordependent color change. 74 The uptake of linear alkane guests was investigated in a vapor/solid system. The uptake of linear alkanes was obtained by immersion of the activated pillar [5] arene crystals into bulk n-alkane solutions. The activated crystals of 20 [5] did not dissolve in n-alkane solutions, so the uptake of linear alkanes occurred in a heterogeneous liquid/solid system. In the heterogeneous liquid/solid system, as with the vapor/ solid system, crystal transformation occurred when the activated crystals were immersed in bulk n-alkane solutions.
For investigation of the alkane-length-dependent structural changes of the assembled structures, single crystals of these complexes were obtained. For short n-alkanes, i.e., n-hexane and n-heptane ( Figure 16A ), one linear alkane was included into the cavity of pillar [5] arene 20 [5] . The 1:1 host-guest complexes assembled to form a herringbone structure. In contrast, the X-ray crystal structures of 20 [5] containing linear alkanes more than eight carbon atoms formed different crystal structures. In the case of n-octane, the assembled structures of host-guest complexes between 20 [5] and n-octane formed 1D channels. The included n-octane was not entirely covered by a single molecule of 20 [5] ; a neighboring 20 [5] cooperatively covered the protruding part of the n-octane. In the case of the host-guest complex crystals between 20 [5] and n-dodecane, two 20 [5] molecules cooperatively bound with one n-dodecane, and the assembled structures of 20 [5] also formed 1D channels. The cooperative binding observed with linear alkanes over eight carbon atoms in length is why the herringbone assemblies changed to 1D channels depending on the length of the included n-alkanes.
Activated crystals of 20 [5] were able to take up longer n-alkanes from the mixture of n-alkanes with various lengths ( Figure 16B ). When activated crystals of 20 [5] were immersed in equimolar mixtures of n-alkanes from n-heptane to n-octadecane, all the n-alkanes were included into the crystals but tended to form complexes with longer n-alkanes containing more than 14 carbon atoms. The selective complexation of longer n-alkanes containing more than 14 carbon atoms resulted from the cooperative binding observed in the host-guest complex crystals, whereby n-alkanes contained more than eight carbon atoms. 75 Because of the difference in the cavity size of cyclic pentamers and cyclic hexamers, the activated crystals of pillar [6] arene should show different guest uptake (B) Gas chromatograms of (i) an equal volume mixture of n-hexane and n-octadecane for immersion and (ii) crystals of 20 [5] after immersion in the n-alkane mixtures. Reproduced from Ogoshi et al. 75 with permission of the Royal Society of Chemistry.
(C) Representation of the structural changes of 3 [6] upon uptake of St-EB mixture vapor. Reprinted with permission from Jie et al. 76 Copyright 2017
American Chemical Society. (D) Schematic representation of the method used to obtain highly pure isooctane from mixtures of isooctane and n-heptane with 3 [6] as the adsorbent and the recycling of 3 [6] . Reproduced with permission from Ogoshi et al. 77 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.
behavior in the crystalline state. Huang and co-workers separated styrene and ethylbenzene mixtures by using activated crystals of pillar [6] arenes ( Figure 16C ). When activated crystals of pillar [6] arene 3 [6] were exposed to a 1:1 mixture of styrene and ethylbenzene vapor, the uptake of both vapors was observed in the beginning stage (the first hour). However, after reaching the equilibrium state (after 8 hr), the uptake of ethylbenzene vapor decreased, whereas the uptake of styrene vapor continuously increased. These results indicate that the activated crystals of 3 [6] selectively took up styrene vapors among a 1:1 mixture vapor of styrene and ethylbenzene. In the case of host-guest complex crystals between 3 [6] and ethylbenzene, ethylbenzene was included in the cavity of 3 [6] , and 1:1 hostguest complexes assembled to form diagonal 1D channels. In contrast, the cavity size of 3 [6] was too small to form an inclusion complex with styrene; thus, the location of the styrene molecules in the complex structures was in 2D extrinsic channels. The difference in the crystal structure contributed to the selective uptake of styrene vapor by activated crystals of 3 [6] . 76 The same group also reported the uptake of iodine into the activated crystals of 3 [6] . The uptake of iodine was useful for the storage of radioactive iodine. 78 Ogoshi and co-workers discovered that the activated crystals of 3 [6] took up cyclic and branched alkane vapors but not linear alkane vapors. The selective uptake of branched alkanes can be used for improving the octane number ( Figure 16D ). A mixture of isooctane and n-heptane with a low octane number (17%) was improved to more than 99% of the vapor uptake by activated crystals of 3 [6] . From the view point of host-guest chemistry, host-guest complexation has been mainly investigated in solution because characterization of complexes in solution is easy and established. In contrast, host-guest complexation in the solid state has not been investigated in detail because protocols for the characterization of hostguest complexes in the solid state are limited. However, in the solid state, the host-guest complexation should be enhanced. Cooperative binding should also work when macrocyclic host molecules form ordered assembled structures such as 1D channels and 2D sheets. We believe that pillar[n]arene-based molecular-scale porous materials are important research targets for investigating how host-guest complexation and dissociation occur in the solid state, and they have tremendous potential for new breakthroughs in pillar[n]arene chemistry.
